Wireless Body Area Network (WBAN) is an emerging technology that combines health care and consumer electronic applications around the human body. There are 3 PHY schemes discussed in the IEEE 802.15.6 Task Group for WBAN standardization [1]: ultra-wide-band (UWB) PHY, narrow-band (NB) PHY, and body channel communication (BCC) PHY. The BCC, which uses the human body as a communication channel based on the near-field coupling mechanism, has advantages over UWB and NB in energy efficiency because it provides low pathloss without the body shadowing effect in low-frequency bands below 150MHz [2] [3] [4] . However, the previous body channel transceivers (BCTs) were not optimized for WBAN because only phenomenological circuit models were used for the body channel analysis [5] and were unable to satisfy requirements such as energy efficiency, scalability of QoS, interference mitigation, and coexistence at once.
In this paper, we report a BCT that not only consumes the lowest energy with very high sensitivity but also is fully WBAN compatible. It is possible because: (1) the signal propagation principle is more thoroughly investigated, (2) resonance matching (RM) and context-aware sensing (CAS) are adopted, and (3) low-power double-FSK modulation is exploited for the full satisfaction of WBAN requirements.
According to the experimental data, a BCC signal path can be divided into 2 parts: forward path, and return path as shown in Fig. 2 .1.1. Electrodes in contact or in close proximity to the human body constitute the forward path while the floated ground electrodes of TX and RX form the closed-loop return path by capacitive-coupling to the earth ground. The signal path loss has band-pass characteristics, mainly determined by the return path loss because the small capacitance of C R in the return path has the highest impedance value compared with the contact impedance (electrode-to-body) and body impedance. RM cancels the C R effect by inserting a resonating series inductor in the return path. The contact impedance in the forward path varies its value dynamically and even 30dB overall signal path loss variation is observed when the electrode is in contact with or apart from the body. To compensate for channel quality degradation due to contact impedance variation, the CAS observes the contact impedance by recognizing if the electrode is capacitively coupled or resistively coupled to the human body, and then automatically determines the BCT operation mode for the better power efficiency. 2 shows the overall architecture of the BCT using scalable double-FSK, which is based on UWB-FM [6] . The BCC uses a 40-to-120MHz frequency band while the CAS utilizes a chopper-stabilized AC current-injection source of 1MHz to monitor the differential contact impedance between 2 electrodes. On the TX side, from the frequency synthesizer and divider chain, a low-modulationindex sub-band FSK signal S(t) is transformed into a high-modulation-index wide-band FSK signal W(t) that drives the electrodes. On the RX side, the delayline-based wide-band demodulator converts the RF carrier signal into a subband FSK signal that is demodulated by low-frequency direct-conversion RX circuits. Combined with RM and CAS, the double-FSK BCT has 3 low-power features: reconfigurable differential LNA/driver, current-reuse wide-band demodulator, and divider-based LO generation with duty-cycle corrector (DCC), which together reduce the power consumption by half. 3 shows the fully differential reconfigurable LNA of RX and TX driver with RM scheme. The dual-resonance networks at GND electrodes are matched over a wide frequency range between RX and TX. As a result, RM in both TX and RX enhances the return signal path by 4dB as shown in Fig. 2.1.3 . The capacitively cross-coupled common-gate LNA in RX provides low impedance to the series RM network and balances the RF signal gain between differential inputs. Moreover, the noise figure (3 to 16dB) , input referred 1dB compression point (-18 to -6dBm), and gain (13 to 22dB) of the LNA can be adjusted by controlling the size of M 1 and M 2 with constant bias current. In contrast, the inverter-based TX driver provides a high impedance to effectively drive the parallel RM network. The voltage swing of TX output, from 1 to 6V, controlled by a 5b digital code, can be also modified at 50Ω load to increase its power efficiency.
The wide-band FSK demodulator simultaneously demodulates multiple signals even though the received signal has a negative SNR. A fixed time delay with Gilbert-multiplier is adopted for wide-band FSK demodulation as shown in Fig.  2.1.4 . To reduce power, the bias current of I B is shared between the Gilbert multiplier and current-driven lattice all-pass filter. The delayed signal from M 1 and lattice LC tank is fed to sources of M 2 and M 3 , where it is multiplied with the nondelayed signal, yielding the low-frequency sub-band signal at the output. To avoid frequency offset in demodulation, the frequency at the phase shift of π/2 is modified by controlling C tune with a varactor. Similarly, to ensure a linear group delay in the operating frequency range, a variable MOS resistor, R tune , is added. The output of the demodulator is obtained by a 1Mb/s FM signal with -40dBm RF input power.
Since the sub-band signal is located in a low frequency band below 20MHz, the reference clock is divided to obtain a sub-band LO signal without using a highpower frequency synthesizer. The output of the divider chain must have an exact 50% duty cycle to generate an accurate I/O signal. However, the LO signal generated by a pulse swallow-based programmable divider cannot guarantee 50% duty cycle due to the prescaler operation. To ensure 50% duty cycle, the DCC circuit is implemented as in Fig. 2.1.5(a) . The complementary charge-pump circuits detect the imbalance in the duty cycle of CLK OUT and convert it into the mismatch between I C1 and I C2 . This mismatch is regulated to be equal by DCC loop gain for the duty-cycle correction. When 11% duty-cycle signal, which is generated by /23 using a pulse swallow divider, is applied to DCC, CLK OUT is improved up to 50% duty cycle while consuming 80μW. 2 including pads. The scalable double-FSK signals are modulated from 4 sub-bands with variable data rate of 10kb/s to 10Mb/s and its TX output spectra are shown in Fig. 2.1.6 . Each sub-band is distinguished by a wide-band FSK demodulator with corresponding sub-band carrier frequencies. To demonstrate WBAN coexistence in a low-SNR condition, 2 users that occupy the same sub-band (2MHz) with different sub-band carrier frequencies of 0.5MHz and 1MHz are applied with -40dBm RF input. The timedomain waveforms show the output of the wide-band demodulator using the RF inputs of 2 users. The performance and comparisons of Fig. 2.1.7 shows that the BCT supports all requirements for WBAN in terms of sensitivity, data rate, scalable BER, interference rejection, and co-existence thanks to scalable double-FSK modulation. The RM and CAS reduce the power consumption of the LNA and TX driver. In addition, the bias-reuse wide-band demodulator, and divider-based LO generation with DCC make the power-hungry frequency synthesizer unnecessary. As a result, the RX consumes 2.4mW with a data rate of 10Mb/s. Its minimum detectable signal is 250μV, which is 80× better than [2] . The energy consumption is 0.24nJ/b, which is the most energy efficient among the reported BCTs in our table. DIGEST 
